We evaluated Eastern Cooperative Group phase II and III trials E2696 and E1694 to assess the incidence and prognostic significance of autoimmunity induced by adjuvant high-dose interferon-a2b (HDI). In E2696, patients with resectable high-risk melanoma were randomized to receive vaccination with GM2-KLH/QS-1 (GMK) plus concurrent HDI, GMK plus sequential HDI, or GMK alone. E1694 randomized patients to either HDI or GMK. Sera from 103 patients in E2696 and 691 patients in E1694 banked at baseline and up to three subsequent time points were tested by ELISA for the development of five autoantibodies. In E2696, autoantibodies were induced in 16 patients (23.2%; n = 69) receiving HDI and GMK and two patients (5.9%; n = 34) receiving GMK alone (P = 0.031). Of 691 patients in E1694, 67 (19.1%) who received HDI (n = 350) developed autoantibodies, but only 16 patients (4.7%) developed autoantibodies in the vaccine group (n = 341; P < 0.001). Almost all induced autoantibodies were detected at Z 12 weeks after the initiation of therapy. A 1-year landmark analysis among resected stage III patients treated with HDI in E1694 showed a trend toward a survival advantage associated with HDI-induced autoimmunity (hazard ratio = 0.80; 95% confidence interval: 0.50-1.98; P = 0.33). Therefore, adjuvant HDI therapy is associated with the induction of autoimmunity that should be further investigated prospectively as a surrogate marker of adjuvant therapeutic benefit. This potential biomarker develops over the course of up to 1 year, and cannot be used to alter the course of therapy. Studies of the genetic determinants of this response may better discriminate patients more likely to benefit from HDI immunomodulatory therapy. Melanoma Res 24:150-157 c 2014 Wolters Kluwer Health | Lippincott
Introduction
In the USA, the incidence of melanoma has increased steadily over the past several decades. In 2013, it was estimated that 76 790 Americans will have developed melanoma and 9480 will die from the disease [1] . The AJCC staging system for melanoma classifies patients into four main stages. Patients with melanoma of stages I and II have thinner and thicker melanoma confined to the skin. Stage III patients have regional lymph node or other lymphatic metastasis, with or without in-transit metastasis or satellite lesions. Stage IV patients have distant metastatic melanoma [2] . The category of patients defined as being high risk following surgical resection had a 5-year recurrence and/or mortality risk estimated to be 40% or more, and were therefore candidates for the adjuvant interventions studied in the E2696 and E1694 trials.
High-risk resected melanoma patients have been the target of multiple adjuvant clinical trials testing various chemotherapeutic and biological agents. Among these studies, only adjuvant high-dose interferon-a2b (HDI) as tested in four Eastern Cooperative Group (ECOG) and intergroup trials has consistently shown a significant and reproducible impact on relapse-free survival (RFS) and overall survival (OS). The three phase III ECOG and intergroup trials (E1684/E1690/E1694) of adjuvant HDI enrolled patients who had recurrence and/or mortality risk equivalent to stages IIB-III as defined by the current seventh edition AJCC system. Patients with lymph node disease with extracapsular extension, or evidence of satellite disease in the vicinity of the primary, or clinically apparent in-transit metastasis, were excluded [3, 4] . The regimen defined as HDI tested in these trials was administered as 20 million international units (MIU)/m 2 /day intravenously, 5 days/ week for 4 weeks (induction), followed by 10 MIU/m 2 /day, three times a week subcutaneously for 48 weeks (maintenance). Overall, these studies have shown significant and reproducible benefits of HDI therapy as measured in terms of the hazard of relapse, which was reduced by 24-38% (E1684, E1690, and E1694). In addition, the hazard of mortality was reduced by 22-32% in E1684 compared with observation and E1690 compared with GMK vaccination (GM2-KLH/QS-21, GMK; Progenics Pharmaceuticals, Tarrytown, New York, USA) [5] [6] [7] [8] .
E2696 was a randomized phase II adjuvant trial that assigned patients to GMK plus concurrent HDI (Arm A), GMK plus sequential HDI (Arm B), or GMK alone (Arm C). Eligible patients had resected disease equivalent to the most recent AJCC stages IIB-III, including patients with resectable in-transit metastases or extracapsular extension of nodal disease (IIIC). It also allowed patients with resectable distant metastatic (M1, stage IV) disease [9] . At a median follow-up of 24 months, there was a significant reduction in the risk of relapse for patients receiving the combination of GMK plus HDI compared with GMK alone [hazard ratio (HR) = 1.75 for Arm C vs. Arm A; HR = 1.96 for Arm C vs. Arm B] [10] . This treatment benefit was statistically significant after adjusting for sex, performance status, time to resection, nodal status, and age (P = 0.016 for Arm A vs. Arm C; P = 0.03 for Arm B vs. Arm C).
E1694 accrued 880 patients between 1996 and 1999 and was designed to test whether GMK was superior to HDI. This trial was closed early on the basis of an interim analysis in April 2000 indicating that GMK was significantly inferior to HDI for both relapse and mortality endpoints. The results of this trial were reported in 2001 on the basis of a final analysis in June 2000, with a median follow-up interval of 16 months [7] . Among eligible patients in this trial, HDI provided a statistically significant RFS benefit (HR = 1.47; P = 0.0015) and OS benefit (HR = 1.52; P = 0.009) compared with GMK. A similar benefit was observed in the intent-totreat analysis of RFS (HR = 1.49) and OS (HR = 1.38). Cox regression analysis adjusting for sex, ECOG performance status, nodal status, and age also showed a statistically significant RFS and OS benefit for HDI versus GMK.
Recent evidence suggested that the benefits of interferon-a2b (IFN-a2b) therapy in patients with melanoma [similar to the observations reported with respect to two other active immunotherapeutic agents: interleukin-2 (IL-2) and anti-CTLA4 monoclonal antibodies] are associated with the induction of autoimmunity [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . High-risk melanoma patients who participated in a trial of 4 weeks (intravenous induction) or 52 weeks (1 month of intravenous induction plus 11 months of subcutaneous maintenance) of a modified 25-33% reduced dose regimen of adjuvant HDI who derived most of the benefit of this treatment were those who developed clinical and/or serological manifestations of autoimmunity during the interval of 1 year of therapy. These patients showed markedly improved clinical outcomes measured both in terms of time to progression and mortality compared with patients who did not develop manifestations of autoimmunity [23] . However, the absence of a control group in this initial study of autoimmunity associated with IFN-a2b has made it difficult to quantify this association.
We have therefore evaluated the sera collected in the context of the phase II E2696 trial (103 patients) and the phase III E1694 trial (691 patients) to assess the incidence of HDI-induced serological manifestations of autoimmunity and the prognostic significance of the serological development of evidence of autoimmunity in patients with high-risk surgically resected melanoma.
Patients and methods

Patients
Banked sera from 103 patients participating in the E2696 trial were utilized for the first phase of this project [10] . These included 35 patients in Arm A (GMK plus concurrent HDI), 34 in Arm B (GMK plus sequential HDI), and 34 in Arm C (GMK alone).
After reviewing preliminary data obtained from E2696, we proceeded with the second phase of our project utilizing banked sera from 691 patients participating in E1694, including 341 patients in Arm A (GMK) and 350 patients in Arm B (HDI) [7] .
Collection and storage of blood serum
Using standardized phlebotomy procedures, 10 or 20 ml of peripheral blood was drawn from each of the patients. Samples were obtained from the patients before treatment (baseline) and after initiation of therapy at weeks 4-6, weeks 12-14, and weeks Z 48 (both E2696 and E1694). Blood samples were collected without anticoagulant into red top vacutainers and allowed to coagulate for 20-30 min at room temperature. Sera were separated by centrifugation and all specimens were immediately aliquoted, frozen, and stored in a dedicated -801C freezer. No more than two freeze-thaw cycles were allowed before testing for each sample.
Serologic assays
Sera from 103 patients enrolled in E2696 and 691 patients enrolled in E1694, banked at baseline, and at three subsequent time points (weeks 4-6, weeks 12-14, and weeks Z 48 after initiation of therapy) were used for this analysis using a qualitative enzyme-linked immunosorbent assay (DIASTAT; Euro-Diagnostica, Malmö, Sweden) following the manufacturer's protocol. Patient serum samples were tested for the presence of the following autoantibodies: antinuclear antibody screen [positive absorbance ratio (sample absorbance value/mean reference control absorbance value) Z 1.0], antithyroglobulin antibody (positive > 1.0), antithyroperoxidase antibody (positive > 1.0), antimitochondrial antibody (positive > 1.0), and anticardiolipin antibody (total: IgA + IgM + IgG; positive concentration > 21 phospholipid U/ml).
Samples were thawed at room temperature and diluted 1/101 with the appropriate diluent as indicated. The wells of the microtiter strips were coated with highly purified HEp-2 cell extract, purified human Tg antigen, recombinant IFN-induced autoimmunity in E2696 and E1694 Tarhini et al. 151 human (rTPO), M2 antigen, or purified cardiolipin antigen. During the first incubation, specific antibodies in diluted serum bind to the antigen-coated surface. The wells are then washed to remove unbound components. In the second incubation, the conjugate, enzyme-labeled antibodies to human, binds any surface-bound autoantibodies. After further washing, specific autoantibodies are traced by incubation with the substrate. The addition of stop solution terminates the reaction, resulting in a colored end product. The amount of conjugate bound is measured in absorbance units on a microtiter plate reader at 550 nm and compared with the absorbance bound by the reference control.
Statistical analysis
Data from E2696 and E1694 were analyzed separately to evaluate the incidence of autoimmunity developing subsequent to treatment in patients treated with or without HDI, and the effect of autoimmunity on RFS and OS in each of these studies. We defined autoimmunity as the presence of antibody above the threshold to any of five different antigens. If a patient had an antibody that was positive at baseline, that specific antibody was excluded from the analysis. Taking 'induced autoimmunity' as the primary endpoint, we assessed the effects of induced autoimmunity during and after HDI on OS and RFS as the secondary endpoints of this study. The method of Kaplan and Meier [24] was used to evaluate OS and RFS in univariate analysis. The difference in RFS or OS by the autoimmunity status was compared using the log-rank test. Cox proportional hazards regression models [25] were used to evaluate the significance of autoimmunity status in the HDI group (univariate Cox model) and in the overall study population adjusting for treatment assignment (HDI and GMK).
Results
In E2696, at a median follow-up of 8 years (range: 1.4-9.1), the median RFS was 2.4 years with a 95% confidence interval (CI) (1.5-3.6) ( Fig. 1) . Of the 103 patients tested for autoantibodies in this study, 64 patients developed a relapse and 54 were alive (Fig. 2 ).
Autoantibodies were induced in 10 patients in Arm A (28.6%; n = 35), six in Arm B (17.6%; n = 34), and two in Arm C (5.9%; n = 34). Therefore, autoantibodies developed in 16 patients (23.2%; n = 69) receiving HDI and GMK versus two (5.9%; n = 34) receiving GMK without HDI (Fisher, P = 0.031). In the HDI arms, all induced autoantibodies were detected at Z 12 weeks after initiation of therapy. The two patients in the non-HDI arm who had induced autoantibodies were detected at the Z 6 weeks (Table 1) .
Among 691 patients enrolled in E1694 who had blood serum samples banked and available for autoantibody testing, 341 patients received GMK (Arm A) and 350 patients received HDI (Arm B). At a median follow-up of 7.8 years (range: 1.4-10.6), the median RFS was 3.2 years with 95% CI (2.5-4.0) ( Fig. 3) . Among 691 patients, 417 patients developed relapse. The median survival was 7.4 years with 95% CI (6.1, -) and among 691 patients, 317 were alive (Fig. 4) .
A significantly greater number of patients developed autoantibodies on the HDI arm (67 patients, 19.1%) compared with the control (GMK) arm (16 patients, 4.7%) (P < 0.001). In the HDI arm, four patients had induced autoantibodies detected at the 4-6 week time point, 20 at the 12-14 week time point, and 43 at Z 48 week time point (Table 2) .
Given the larger numbers of patients in E1694, we could assess the correlation between HDI-induced autoimmunity and survival as this was initially shown in the Hellenic Oncology group He13A/98 study. However, unlike the Hellenic study, we had no information on the clinical manifestations of autoimmunity. Similar to the Hellenic study, we excluded patients with the baseline presence of serum autoantibodies (unless they developed different autoantibodies during treatment with HDI) and also excluded stage IIB patients (given their negligible numbers in the Hellenic trial). In addition, as two-thirds of all patients with induced autoantibodies had these detected at >12-14 weeks after initiation of therapy, we carried out a 1-year landmark analysis to avoid lead time bias. Adjusting for treatment in the multivariate Cox regression model, patients who developed autoimmunity showed no significant improvement in survival within the stage III population of patients studied here (both HDI and GMK groups), (HR = 0.92; 95% CI: 0.72-1.39; P = 0.92) ( Fig. 5 ). However, among the stage III patients treated with HDI analyzed in the univariate Cox model, there was a trend toward improved OS in patients who developed autoimmunity (HR = 0.80; 95% CI: 0.50-1.98; P = 0.33) that did not reach statistical significance (Fig. 6 ). No statistically significant associations were found between the induction of autoimmunity and RFS.
Discussion
Autoimmunity appearing spontaneously in melanoma patients or induced by immunomodulatory agents such as IFNa-2b, IL-2, and anti-CTLA4 monoclonal antibodies, appears to be associated with increased resistance to melanoma progression and mortality. Spontaneous regression has been reported in melanoma, suggesting a role for host immunity. The presence of lymphoid infiltrates at the site of primary melanoma that have been associated with tumor regression provides histopathological support for this concept. Paraneoplastic depigmentation of patients with melanoma has also been reported as a sign of improved prognosis [26] [27] [28] . An association between the development of clinical or serological evidence of autoimmunity and favorable antitumor effects has been reported for several forms of immunotherapy including IFN-a2b, IL-2, and anti-CTLA4 blocking antibodies in patients with melanoma [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The benefits of high-dose IL-2 on progression-free survival and OS of melanoma have been associated with the development of autoimmune responses, and in particular, patients who have developed autoimmune thyroiditis [11] [12] [13] [14] [15] [16] [17] [18] . More recent studies of immunotherapy for melanoma with anti-CTLA4 blocking antibodies have shown a correlation of antitumor effects and autoimmune phenomena of a broad array that includes colitis, thyroiditis, hypophysitis, enteritis, hepatitis, and dermatitis [19] [20] [21] [22] 29, 30] . IFN-a therapy of hematologic malignancies and chronic viral hepatitis has also been reported to be associated with the induction of high levels of autoantibodies, including antithyroid microsomal and antithyroglobulin antibodies, antinuclear antibodies, anti-DNA, islet cell antigen, or platelet-associated antibodies persisting for months [31] [32] [33] [34] [35] [36] . The Hellenic Oncology group reported that high-risk melanoma patients participating in a trial of 200 patients evaluating 4 versus 52 weeks of a modified (reduced dose) high-dose IFN-a2b regimen who developed serological or clinical manifestations of autoimmunity following treatment showed markedly improved clinical outcomes measured in terms of time to progression or to death compared with patients who did not develop these manifestations of autoimmunity [23] . Similarly, in a study of melanoma patients receiving adjuvant low-dose IFNa, the occurrence of autoimmune thyroid disease was associated with improved RFS [37] . However, no control group has been evaluated for autoimmunity to date. In our current evaluation of E2696 and E1694, we show that HDI is associated with a significantly higher incidence of serologic conversion or evidence of induced autoimmunity compared with the control group receiving GMK vaccination. The incidence of autoimmunity is comparable with that seen in the Hellenic study (25% in E2696 and 19.3% in E1694 compared with 26% in Hellenic study). In E2696, seven of 17 patients who developed autoantibodies following HDI were first detected at the 12-14-week time points. The remaining 10 patients were first detected at the next time point tested (week 52). Similarly, in E1694, four patients had induced autoantibodies detected at the 4-6 week time point, 20 at weeks 12-14, and 43 (2/3 of patients) at the next time points at which blood serum was collected (Z week 48). Therefore, the induction of autoimmunity develops over the course of year, and cannot be used to guide the application nor to alter the course of this therapy.
The prognostic impact of the development of three autoantibodies (anticardiolipin antibodies, antithyroglobulin antibodies, and antinuclear antibodies) on prognosis was explored in patients with melanoma receiving intermediate doses of IFN-a or no treatment in a subgroup of patients participating in the EORTC 18952 trial [38] and the Nordic IFN trial [39] . The appearance of these three autoantibodies was not found to have a strong prognostic nor a strong predictive value after adjusting for lead time bias [40, 41] . The same group of investigators sought to determine the prognostic or the predictive significance of the same three autoantibodies GMK, GM2-KLH/QS-21vaccine (Progenics Pharmaceuticals); HDI, high-dose interferon-a2b. Overall survival (OS) by autoimmunity at 1-year landmark time among stage III patients in E1694. Including both study arms (high-dose interferon and vaccine) and adjusting for treatment, there was no significant association with OS (hazard ratio = 0.92, 95% confidence interval: 0.72-1.39; P = 0.92). in patients assigned randomly to receive pegylated interferon (PEG-IFN) or no treatment (EORTC 18991) [42] . Among 220 patients with negative baseline antibodies, the analysis showed a significantly higher occurrence of induced autoantibodies during follow-up in the PEG-IFN-treated patients (18% in the observation arm vs. 52% in the PEG-IFN arm). The appearance of autoantibody was of prognostic importance by a model that considered the appearance of autoantibody as a timeindependent variable (HR = 0.56; 95% CI: 0.36-0.87; P = 0.01). However, when guarantee-time bias was taken into account, statistical significance was lost.
For the autoantibody analyses, a subset of patients of 187/ 1388 in EORTC 18952 and 356/855 in the Nordic trial was included. In EORTC 18991, only 296/1256 patients were included. Here also, unlike the Hellenic study, there were no data on the clinical manifestations of autoimmunity. Moreover, the autoimmunity analysis in these studies was limited to three autoantibodies. The fact that there was a difference in the proportion of induced autoantibodies and a demonstrable prognostic importance using model 1 is notable in EORTC 18991. In contrast, although all 220 patients in EORTC 18991 were autoantibody negative at baseline, the high proportion of patients who went on to develop any one of only three autoantibodies is higher than would be expected, even using a smaller panel of three specificities.
In E1694, there is a trend toward improved OS in patients treated with HDI who developed autoantibodies that is not statistically significant. It is important to note that in the Hellenic study, data on induced autoimmunity were collected prospectively, including clinical manifestations of autoimmunity (such as vitiligo) and not only serologic evidence. In addition, the laboratory testing was conducted prospectively in a certified clinical laboratory. In E2696 and E1694, we were limited to autoantibodies tested in banked blood sera in a research laboratory. No data on the clinical manifestations of autoimmunity were available. This may account for the lower incidence of HDI-induced autoimmunity in E1694 compared with the Hellenic study and the lesser impact in terms of survival.
One major issue that remains to be explored is the therapeutic predictive value of induced autoimmunity. In other words, are patients who develop autoimmunity likely to benefit from immunotherapy with HDI (and by extension IL-2 and anti-CTLA4 antibodies)? There is evidence that immunogenetic markers might help identify patients who may benefit from IFN-a2b therapy including the human leukocyte antigen (HLA) genotype, which is clearly associated with certain autoimmune diseases. There is also evidence for an association between specific HLA antigen expression of melanoma patients and response to immunotherapy and survival [43] . Serological testing for HLA class I and class II antigen expression has shown an association between specific HLA antigen expression and OS and clinical response to IL-2 therapy in patients with metastatic melanoma treated with IL-2 (e.g. HLA-DQ1) [44, 45] or combination therapy with IFN-a and IL-2 [46] . One study reported an association of homozygosity of HLA-DR and decreased chance of response to treatment with IL-2 [44] . Gogas et al. [47] have recently reported an analysis exploring the influence of the HLA genotype on the likelihood of a favorable clinical outcome in 284 high-risk melanoma patients participating in the Hellenic randomize IFN-a trial and 246 healthy controls who were molecularly typed for HLA class I and II. The presence of the HLA-Cw*06 allele was related to better RFS and OS and the appearance of autoimmunity [47] . Other potential predictors include polymorphisms in the CTLA-4 gene and the FOXP3 transcription factor gene that are associated with certain autoimmune diseases as well as interferon pathway SNPs related to autoimmunity. These and other biomarker studies are ongoing in the context of the adjuvant study E1697 that compares 1-month intravenous high-dose IFN-a2b versus observation. Future analyses should include antitumor immune responses in patients who have developed autoimmunity that may ultimately allow us to define new target antigens of melanoma in the context of the MHC of Overall survival (OS) by autoimmunity at 1-year landmark time among stage III patients treated with high-dose interferon in E1694. There was a trend toward improved OS in patients who developed autoimmunity (hazard ratio = 0.80, 95% confidence interval: 0.50-1.98; P = 0.33).
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Conclusion
The impact of HDI upon melanoma relapse and mortality is associated with immunomodulation and induction of autoimmunity to endocrine and other targets. Induction of autoimmunity should be further investigated as a surrogate biomarker of adjuvant immunotherapy therapeutic benefit. This biomarker develops over the course of a year, and cannot be used to alter the course of HDI therapy at this time. Our observation of autoimmunity among vaccine recipients who did not receive HDI indicates that beyond the presence of autoimmunity, further characterization of the kinetic and in-depth characteristics of autoimmunity as well as the genetic determinants of the capacity for induction of autoimmunity are needed to better identify those patients most likely to respond to HDI.
